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 In this research, a novel property of activated carbon powder (AC powder) 
has been utilized to realize a disposable paper-based battery. AC powder was 
loaded on a 3D carbon paper substrate to make the anode. The cathode was 
integrated directly on the paper-based battery case by coating multiwalled 
carbon nanotube mixed with potassium ferricyanide on a side of a sheet of 
filter paper, the other side worked as a paper-based proton exchange 
membrane. This design provides a simple but practical disposable water-
activated battery. The developed battery generated the maximum power 
density of 10.4 µW/cm2 at the AC powder concentration of 17 mg/cm2. 
Although, the output power of the battery is low, it is made of low-cost and 
abundant materials, and therefore being able to scale up. The battery is a 
disposable and on-demand micropower generation activated anytime, 
anywhere by water. 
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Nowadays, the energy and environmental crisis has become a serious problem, which may loom 
over next generations. Therefore, the exploration of every possible ways to generate energy through greener 
and cleaner processes becomes essential. Sustainable energy resources are believed to become the effective 
solution for this issue [1].  
Activated carbon (AC) has been popularly utilizing for countless applications including purification 
of water [2] and biodiesel [3], heavy metal removal [4], capacitors [5], natural gas and biogas storage [6], 
improving hydrogen production [7]. Because AC has high surface area and adsorption capacity, plus it is 
abundant and low-cost. AC can be produced from almost all carbon-rich and inexpensive precursors (such as 
coconut shell, wood, saw dust) by physical activation or chemical activation [8]. AC has also been known for 
its catalyst support capacities in gas-solid reaction [9] and hydrogen generation from sulfur-iodine 
thermochemical water-splitting cycle [10].  
In this research, we have discovered the property of electricity generation by AC powder: if AC 
powder is loaded in the anode compartment of a battery with the cathode and anode separated by a proton 
exchange membrane; then water is injected to the anode compartment, significant electric power is generated. 
Utilizing this property, we fabricated a paper-based water-activated battery (WAB), which used AC powder 
to generate electricity. To the best of our knowledge, this is the first study utilizing this property of AC 
powder to generate power. With the advantages of low cost, abundance, and sustainability, AC powder is a 
promising sustainable energy resource.   
The paper-based design was used because paper has some unique properties including  
(i) inexpensiveness and abundance, (ii) convenience and biodegradability, and (iii) flexibility. The paper-
based energy storage devices can facilitate disposable and stand-alone lab-on-chip systems [11], which have 
recently emerged as a new paradigm for clinical point-of-care (POC) diagnostics [12]. In this work, X-ray 
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diffraction spectrogram (XRD) and scanning electron microscope (SEM) were used to characterize the AC 
powder and anode electrode. The performance of the WAB in various working conditions were investigated 
to understand its operating principle. 
 
 
2. RESEARCH METHOD  
2.1. Materials 
Coconut shell-based activated carbon powder KD-PWSP (particle size of 6µm) was purchased from 
UES Co., Ltd. Advantec #6 filter paper (pore size of 3 µm) was purchased from Advantec Toyo Kaisha, Ltd. 
Multi-walled carbon nanotube (CNT) dispersion coating liquid N7006L (6.1 wt% CNT) was purchased from 
KJ Specialty Paper Co., Ltd. Hydrophilic carbon paper C1-P2 (carbon fibre 50 wt% and cellulose fibre  
50 wt%) was provided by Azumi Filter Paper Co., Ltd. Potassium ferricyanide (PF, K3[Fe(CN)6]) was 
purchased from Wako Pure Chemical Industries Ltd. Nafion proton exchange membrane (PEM) was bought 
from AGC Engineering Co., Ltd. 
 
2.2. Paper-based WAB design 
Figure 1 shows the detail design of the developed paper-based WAB. The design represents the 
fusion of the art of origami and paper-based WAB. The battery case was fabricated based on a sheet of filter 
paper. Figure 1(a) shows the front and back side views with 4 parts indexed from ① to ④, which were  
pre-divided by crease lines (dash line). The air-cathode was fabricated in part ① by coating CNT mixed with 
PF (0.40 ml of 0.76 M K3[Fe(CN)6] in 2 ml CNT solution) (F-CNT) on the back side by screen printing 
method (painting on masked areas). The front side served as a paper-based membrane. The whole battery 
case was then sprayed with hydrophobic solution (Water Proof Spray) to prevent water leaking to the battery 
case. A half-circle cut at the right-hand side of part ① exposes the anodic electrical contact terminal. 
In part ②, a hole was cut at the centre for water injection to the anode. The anode was attached to 
the middle area of part ② using adhesive (3M-55 Spray Adhesive). Electrical contact for the anode were 
made by coating the CNT coating liquid using screen printing method. Part ③ had two half-circle cuts at the 
right and left-hand sides for the exposure of anodic and cathodic electrical contact terminals, respectively. 
Double-sided tape was attached to part ④ to fasten and clamp the whole battery when completely 
assembling. Then, part ① was folded to part ② flowing the crease line between the two parts.  
Parts ③ and ④ were folded around part ① and ② to assemble the complete battery as shown in  
Figure 1(b). It is further elaborated by A-A and B-B cross-section views. Figure 1(b) also shows the 
microscope image of the cross-section of the integrated membrane cathode with smooth continuity between 
the coated cathode and the membrane. The complete WAB had compact size of about 2 cm x 2 cm x 0.08 cm 






Figure 1. (a) The schematic diagrams of the front and back sides of the battery case. (b) The schematic 
diagrams of the front and back sides of the assembled WAB with its A-A and B-B cross-sections,  
the microscope image of the integrated membrane cathode cross-section, and the photo image of the anode 
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2.3. Anode fabrication and characterization 
To make the anode, AC powder was loaded on a hydrophilic 3D carbon paper substrate (C1-P2,  
0.2 mm thickness) by immersing the carbon paper into the solution of AC powder (4 g AC powder mixed 
with 10 ml distilled water using a magnetic stirrer for 24 h). After immersing the carbon paper for one 
minute, it was taken out for drying at 40oC for 30 min. This is called as AC paper, which was cut to the size 
of 1x1 cm to make the anode. The concentration of AC powder in this anode sample was about 17 mg/cm2.  
 
2.4. Experimental method 
Scanning electron microscopy (SEM, Hitachi S4300) was used to observe the surface of the carbon 
paper substrate and the AC powder. X-ray diffraction spectroscopy (XRD, X'Pert3 Powder PANalytical) was 
used to measure crystalline morphology of the AC powder, carbon paper, and AC paper. In all experiments, 
unless otherwise stated, we used the AC paper anodes with the AC powder concentration of 17 mg/cm2, the 
cathodes with the PF concentration of 0.40 ml of 0.76 M K3[Fe(CN)6] in 2 ml CNT solution, paper-based 
membrane, and tap water (pH = 7). The experimental conditions were open air, at room temperature of 25 oC. 
Each experiment was conducted three times in identical conditions and the average result was presented in 
this paper. In addition, a 5 kΩ resistor was connected between the anode and cathode to discharge the WAB. 
After injecting 20 µl tap water into the anode, the voltage over the resistor was monitored every 10 s by a 
data acquisition system (National Instruments USB-6210) via a customized LabVIEW interface  
on a computer. 
 
 
3. RESULTS AND DISCUSSION 
3.1. Anode characterization 
SEM image of the 3D carbon paper C1-P2 is shown in Figure 2(a). Carbon fibres and cellulose 
fibres are interlaced to make a flexible 3D structure. The interconnection between the carbon fibres enables 
electrical conductivity for the carbon paper. The AC powder loaded on the anode is shown in Figure 2(b).  
It can be confirmed that the average particle size is 6 µm. In addition, the inset of Figure 2(b) shows 
honeycomb-like structure of nanoscale porosity on the surface of the AC powder. Due to this structure,  





Figure 2. SEM images of (a) the 3D carbon paper C1-P2 and (b) the AC powder (the inset shows highly 
porous surface of the AC paper at high magnification) 
 
 
Figure 3 shows the measured XRD data of the AC powder, carbon paper, and AC paper. The XRD 
pattern of the AC powder had strong and weak diffraction peaks at 2Ɵ=24o and 44o, which show good 
agreement with the XRD data of other types of AC powder previously reported [13-15]. Obviously, the XRD 
pattern of the AC paper was the combination of the AC powder and carbon paper XRD patterns. Based on 
the diffraction pattern, it can be confirmed that no special contamination found in the fabricated anode, such 
as the peaks of any metal contamination. 
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Figure 3. XRD pattern of the AC powder, carbon paper, and AC paper 
 
 
3.2. WAB characterization 
First, to confirm whether the AC powder is the main cause of electricity generation in the anode, we 
conducted an experiment using two anodic materials, which were the carbon paper only (without AC 
powder) and the AC paper (with AC powder). The experimental result is displayed in Figure 4. Obviously, 
the carbon paper anode generated negligible discharging voltage with the maximum voltage of 7 mV. 
Meanwhile, the AC paper anode generated much higher voltage with the maximum voltage of 180 mV.  
This result confirms that the AC powder was the main cause of electricity generation in the anode  
of the WAB. 
Second, to evaluate the performance of the paper-based membrane, the commercial nafion PEM was 
used in the place of the paper-based membrane in the WAB. In this experiment, the nafion PEM was coated 
by F-CNT using the same method as used with the paper-based membrane. Then, it was used to replace part 
① in Figure 1. Figure 5 shows the performance of the nafion PEM in comparison with the fabricated paper-
based membrane. In the case of using the nafion PEM the discharging voltage was significantly higher than 
that of the case using the paper-based membrane, the maximum output voltage of 300 mV compared with 
180 mV. Although the nafion PEM has better performance than the paper-based membrane, it is 
overqualified for disposable paper-based devices because it is expensive. Therefore, in this research we used 





Figure 4. Discharging voltage of the WABs using 
carbon paper and AC paper anodes. The paper-based 




Figure 5. Performance comparison between the 
WABs using the fabricated paper-based membrane 
and the commercial nafion PEM. The AC anode and 
tap water were used in this experiment 
 
 
Finally, the influence of the pH of water used for activation (activating solution) to the performance 
of the WAB was also investigated. We conducted an experiment with the WABs activated by acidic solution 
(0.1 M HCl, pH=1), basic solution (0.1 M NaOH, pH=13), and tap water (pH=7), respectively.  
The experimental result is shown in Figure 6. With the same volume of 20 µl injecting to the anodes, the 
acidic solution generated the lowest voltage (120 mV at the maximum), while the basic solution generated 
the highest voltage (320 mV at the maximum), and the middle was the tap water (180 mV at the maximum). 
Based on this result, the pH of the activating solution is an important factor affecting the performance of the 
WAB. In this research, we used tap water with pH = 7 for all experiments because it is nontoxic and, in 
principle, easily accessible.  
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Figure 6. Performance comparison between the WABs activated by acidic solution (0.1 M HCl, pH=1), basic 
solution (0.1 M NaOH, pH=13), and tap water (pH=7), respectively. The AC anode and paper-based 
membrane were used in this experiment 
 
 
3.3. Power density 
To evaluate the power density of the WAB, different external resistors were used for discharging the 
battery. Figure 7(a) shows the maximum output voltage and the corresponding power density of the WAB as 
a function of the current density recorded at the given external resistors of 140 kΩ, 10 kΩ, 5 kΩ, 1 kΩ, and 
0.51 kΩ. The discharging voltages are shown in Figure 7(b). At 1 kΩ external resistance, the maximum 
power density of 10.4 µW/cm2 was obtained. Based on this result, the internal resistance of the paper-based 





Figure 7. (a) Polarization curve of the maximum discharging voltage and the maximum power density as a 
function of the current density. (b) Output voltage discharged by some external resistors. The AC anode, 




To explain for the experimental results shown in Figures 4, 5, and 6, we suppose that the operation 
of the WAB is as follows: electrons and protons are generated in the anode compartment after adding water 
to the AC anode to activate; the electrons go through the external circuit to the cathode while the protons 
migrate to the cathode through the membrane to complete the electrical circuit and keep the electro-neutrality 
in the system. Based on the result shown in Figure 5, the generation of the protons (H+) in the anode 
compartment can be confirmed because the nafion PEM can support only the penetration of protons. Due to 
the nafion PEM facilitated the migration of the protons from the anode to the cathode, the performance of the 
nafion PEM was better than that of the paper-based membrane. In addition, to explain the result shown in 
Figure 6, in acidic solution the concentration of H+ is high, while that is low in basic solution. When the 
proton concentration in the anode compartment is high, it tends to hold back electrons, as a result, less 
electrons can reach to the cathode and therefore, the output voltage is decreased. This mechanism works in 
opposite fashion when the concentration of proton is low as in the situation of adding basic solution. 
Therefore, the basic solution generated the highest output, while the acidic solution generated  
the lowest output. 
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Moreover, at the PF-preloaded air-cathode, the protons are reduced by oxygen in the air diffused in 
the cathode (1), however the slow reduction kinetic of plain oxygen limits this reduction reaction [16].  
In addition to the reduction reaction by oxygen, PF is the main electron acceptor at the cathode (2) [16]. 
However, the reduction reaction by PF could not last forever; after a given time of operation all ferricyanide 
ions would be reduced. Therefore, the developed WAB is only suitable for disposable applications.  
 
O2 + 4H+ + 4e- 
  
→  2H2O (1) 
 
[Fe(CN)6]3- + e-  
        
→   [Fe(CN)6]4- (2) 
 
The movement of electrons and protons explained above is similar to that of the biofuel cells [17]. 
We have not clearly understood the mechanism of how electrons and protons are generated by the AC 
powder when water is present. This characteristic may be related to the catalytic activity and nanoporous 
structure of the AC powder. It should be noted that the WAB presented here has a different mechanism from 
the traditional metal-based WAB, where water forms the electrolyte with ions produced by metal-based 
electrode reactions and a soluble salt [18]. Although at this stage, the WAB can generate low power density, 
it is worth to consider this type of WAB for further development because it is based on low-cost, abundant, 
and sustainable AC material, which is easy to access even at developing countries. 
 
 
4. CONCLUSION  
This paper focused on the demonstration of power generation by activated carbon in a paper-based 
WAB. The battery can instantly produce on-demand electricity activated by water. The developed WAB 
generated the maximum power density of 10.4 µW/cm2 at the AC powder concentration of 17 mg/cm2 loaded 
on the 3D carbon paper-based anode. The paper-based WAB enables a low-cost power source that can 
potentially empower the next generation of self-powered paper-based diagnostic devices. For future studies, 
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